Abstract -This work presents the outputs from a project which aimed to lay the foundation of a 3D ultrasound imaging system where the emphasis was on real-time data acquisition and near real-time data visualization. To be able more precisely to describe the behavior of a sparse array system, a 25 Gbyte dataset containing every transmit and receive combination of a 50 x 50-element fully connected 3MHz array has been collected. The data have been processed off line on a cluster of 150 UNIX work stations to form experimental synthetic aperture 3D volume images.
I INTRODUCTION
Two-dimensional phase steered arrays are proposed as the solution for real-time three-dimensional cardiac ultrasound imaging. Within the Esprit project "RealTime 3D Ultrasound Imaging System with Advanced Transducer Arrays (NICE)", a 50 x 50 element 2D fully connected transducer array prototype has been produced [l] . The prototype, the NICE-array, is intended to demonstrate image quality and it is designed with a center frequency at 3 MHz and an element pitch equal to .6X (i.e. 308pm). From this prototype, data from all transmit and receive combinations have been collected. By post-processing the data, we have formed experimental synthetic aperture 3D volume images for the dense and sparse designs.
One of the sparse array approaches which has gained most appreciation is sparse periodic layouts. These are based on the principle of having different transmit and receive layouts, where grating lobes in the transmit array response are suppressed by the receive array re-0-7803-6365-5/00/$10.00 0 2000 IEEE sponse and vice versa. The principle was applied to 2D arrays by Smith el al. [2] . In [3, 41, Vernier arrays were introduced. These arrays have good imaging performance and they are commonly used together with the dense array as a reference for array performance comparisons.
We propose new approaches for designing 2D layouts for 3D real-time imaging. The approaches include various periodic layouts with either symmetric or asymmetric periodicity, and periodicity either along the 5 and y axes, along the diagonals or along the radii. The simulations are based on a 48 x 48 element 2D array with center frequency and pitch similar to the NICE array. No apodization is considered for any of the layouts. All layouts have a circular footprint. This reduces the original 2304 elements by a factor of 7~/4 down to 1804 elements.
MATERIALS AND METHODS
Our intention was to design layouts with performance better than a Vernier array. As a reference, we designed a Vernier p = 3 array, p being the sparseness factor. p = 3 is the smallest value of p which makes both the transmitter (Tx) and the receiver (Rx) sparse. The number of elements in the Vernier Tx and Rx was 421 and 208. We propose two new classes of sparse periodic designs.
Regular sparse periodic designs
To better suppress grating lobes, we propose to combine layouts with different symmetry axes, either between Tx and Rx or within a layout. Three examples are given.
As an improvement of a Vernier p = 3 Rx, we propose the layout with two elements on and then one off and so on, given in Figure l(b) . This layout has grating lobes as the reference Rx, but these are somewhat lowered. As Tx layout we propose the layout given in Figure l [-~3 1 : x~x x x x~ -Kn%-x-----.Inn n I : x I I x x i I i : n n E e n 3 E E E E e E : z n E E : : x e n E i i E e E I I :En E . E i : e E EE E e E E: The Tx layout of the second design is given in Figure  1 (c). It has a periodicity of every second element along the x-axis, and is dense along the y-axis. The transmit layout will produce a response with grating lobes only AxDP: Axial dense-periodic design.
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along the axis corresponding to the z-axis of the layout. As Rx layout, the same pattern, but rotated go", is used.
The third design is constructed in the same way as the second, but the dense and sparse axes are along the diagonals instead of the z and y axis. The Tx layout is given in Figure 1 (d) , and the Rx layout is a 90" rotated version of the same layout.
DiagDP: Diagonal dense-periodic design.
Radially sparse periodic designs
As an alternative to regular sparse periodic layouts we propose radially sparse periodic layouts. These layouts are almost radially symmetric. This ensures a radiation pattern with no worst case direction. A layout is constructed by placing a 1D periodic array from the center and along an axis of the 2D array, and rotate it around the origin. Three examples are given.
Radially periodic p = 3 layouts are designed by rotating 1D Vernier p = 3 arrays. The Tx layout is given in Figure 1 (e) and the Rx layout is given in Figure 1 To improve a 1D Vernier p = 3 design, the Tx layout (every third element active) can be convolved with a kernel [l 11 to assure proper cancelation of the Rx grating lobe [5] . By rotating such an array one gets the Tx layout given in Figure I 
Simulations
The pulse echo responses of each design were simulated using the program FIELD II [6] . The simulation parameters were speed of sound, v = 1540 d s , center frequency, fo = 3 MHz, and sampling frequency, fs = 102 MHz. The excitation was a one period sinusoid. Each element was simulated with a 66% -6dB beamwidth impulse response (a 3-period sinus with Hamming weighting). The focal range was 40 111111. For each response, the Integrated SideLobe Ratio (ISLR) defined as ratio between the energy in the mainlobe and the energy of the sidelobes in the radiation pattern, was calculated. 
Experimental data
The experimental data was collected with a GE Vingmed Ultrasound scanner with 20 MHz sampling frequency and 12 bits AD-converter. The excitation used was a one period sinusoid. The prototype was designed such that 100 Tx elements and 100 Rx elements could be connected to the scanner at the same time.
To collect all combinations, manual switching of one hundred elements had to be performed 625 times. The received signal was pre-amplified before digitization. The phantom imaged consisted of several nylon wires and one copper wire. The data was up-sampled with a factor of four, bandpass filtered and beamformed to volume images. The beamformer algorithm compensated for the temperature variations which had occurred during the recording of the data. Dynamic focusing was used for both transmit and receive. The total processing time to beamform a 60" x 60" pyramid consisting of 3600 beams and with 10 cm depth for the dense design, the Vernier design and the six proposed designs was approximately 5000 CPU-hours on machines comparable to a Sun ULTRA1.
I11 RESULTS
To simplify the comparison of different responses, the worst-case cut for each response is plotted in Figure 2 . The worst-case cut is defined as the maximal value of the response for incident beams having an angle q5 to the z axis which goes from the center and outwards, perpendicular to the array. age of the elevation and azimuth plane broadside of the array for the design AxDP. The image is shown with 60 dB dynamic range. Figure 4 shows a cut of the copperwire in the azimuth plane shown in Figure 3 for all designs. The wire is situated at approximately 4.2 cm depth and goes perpendicular to the azimuth direction.
IV DISCUSSION
The data set seems to be of acceptable quality and shows that the probe and data acquisition system meet our expectations. The worst case cut of the simulated pulse responses in Figure 2 shows that the sparse arrays proposed here outperform the Vernier layout with 10- Figure 4 , show much of the same trend even if the differences between the different layouts are not as significant. However, in general the best arrays in the simulation are also the best arrays in the experiment.
Possible reasons for the discrepancy between the simulated and experimental responses can be minor variations in the speed of sound. Although compensated for, there could still be some fluctuation left. This will appear as a small, random delay error that will increase the sidelobe level. Some random sidelobe variation could also be caused by variation in sensitivity of each element.
The new sparse array designs presented here can be grouped in three categories according to the sum of the Rx and Tx channels that are required. Category A includes the Vernier sparse array (629 channels, overlap 48). Category B includes the DiagDP (1 21 2,208) and Rad3 layouts (1354, 221), and Category C contains the Diag array (1 673,396), AxDp (1 760,428), ImpR3 (1925,551) and ImpR4 (1744,484).
Imaging performance from the experiment follows these categories and correlates with the simulations although there is less difference in the experiment than in the simulations.
The arrays in categories B and C demonstrate that one can obtain much better results than the Vernier array. These arrays, especially those of Category c , approach an image quality which is quite close to that of the dense array. 
